A GAA-repeat in the X25 gene is causing Friedreich's ataxia (FRDA), a common neurodegenerative disease and 420% of FRDA patients develop type II diabetes (T2D). Linkage has previously been detected between T2D and chromosome 9p13-q21, the region that harbours the X25 gene, but association studies of this gene in T2D have been contradicting. Here, we examined whether genetic variation in the X25 gene is associated with risk for T2D. The GAA-repeat and 18 single nucleotide polymorphisms (SNPs) covering the X25 gene were genotyped in 220 trios in which the affected offspring had abnormal glucose tolerance. Any nominally significant findings were examined in an independent sample consisting of 523 individuals with T2D and 326 healthy controls. Previously reported results were analysed together with our data using a meta-analysis approach. There was no association between the GAA-repeat and T2D susceptibility in our study, which was supported by the meta-analysis including all previous publications. One SNP (rs2498429), 8.2 kb downstream of X25, was nominally associated with T2D in the trios (P ¼ 0.02) and showed a trend of association in the same direction in the case-controls (P ¼ 0.08; combined permuted P ¼ 0.01). Further analysis showed that the nine-marker haplotype containing the rare allele of rs2498429 was nominally associated with T2D in the trios (Po0.01) as well as in the case -controls (P ¼ 0.03). In conclusions, this study excludes a role of genetic variation within the X25 gene, but instead suggests that genetic variation downstream the X25 gene, may increase risk for T2D.
Introduction
Type II diabetes (T2D) is a common, multifactorial disorder characterized by chronic hyperglycaemia resulting from pancreatic b-cell dysfunction and insulin resistance. 1 Friedreich's ataxia (FRDA, MIM 229300) is a common neurodegenerative disease and about 20% of the FRDA patients are known to develop T2D and 10% have milder disturbances in their glucose metabolism, 2 suggesting an increased susceptibility to T2D in these individuals. FRDA is inherited in an autosomal recessive mode and the mutated gene X25 encoding the frataxin protein is located in a region on chromosome 9q13 3 that has been suggested to be linked to T2D in several patient materials, including ours. 4 -8 Long homozygous trinucleotide repeats, (GAA) 466 , in X25 are thought to cause about 98% of all FRDA cases while remaining cases are caused by a combination of point mutations and heterozygous expanded repeats. 9 The extended trinucleotide repeats reduce X25 mRNA levels resulting in lower levels of the frataxin protein. 3 Frataxin is localized in the inner mitochondrial membrane and expressed in tissues with high metabolic activity such as heart, liver, skeletal muscle and adipose tissue, 10 that is, primary target tissues for T2D. The biological function of frataxin is still unknown but it has been suggested to play a role in iron metabolism. 11 The identification of a set of genes involved in oxidative phosphorylation whose expression is coordinately decreased in human diabetic muscle suggests importance of mitochondrial genes that could be involved in the pathogenesis of T2D. 12 The co-occurrence of glucose metabolism disturbances in FRDA patients, the suggested link between severity of glucose abnormalities and length of the trinucleotide repeat in FRDA 13 and the localization of the X25 gene on chromosome 9q13, a region suggested to be linked to T2D, 4 -8 have prompted investigations of a possible association between the intronic X25 intermediate repeat and T2D. 14 -19 Unfortunately, the results have been inconclusive; therefore we set out to investigate whether genetic variation at the X25 locus increases susceptibility to T2D.
Methods

Patients
All subjects in this study were participants of the Botnia study. 20, 21 The Botnia study was established 1990 to identify the genetic and metabolic factors contributing to the pathogenesis of T2D in families from the western coast of Finland. The collection was subsequently extended to other parts of Finland and Sweden. Subjects were classified into different stages of glucose tolerance based on their fasting and 2-h glucose concentrations. 1 Altogether we have genotyped 743 affected individuals and 766 unaffected individuals in this study in a twolayered study design (Table 1 ). The first patient -material consisted of 660 individuals from 220 parent -offspring trios. The offspring had T2D (n ¼ 98), impaired glucose tolerance (IGT) (n ¼ 72) or impaired fasting glucose (IFG) (n ¼ 50) according to WHO'98 criteria. 1 Since samples consisting of trios with DNA from parents available are biased towards patients of young age, we also chose to include prediabetic trios where the offspring was diagnosed with IGT and IFG in our study, since this strategy has proven successful in dissecting association with risk of T2D diabetes previously. 22, 23 Only unrelated trios (one trio per family) were used to avoid confounding linkage in our test for association since this chromosomal region (9p13 -q21) has already been suggested to be linked to T2D in our population.
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The second, patient material consisted of 849 individuals in a case -control design. This material was used to investigate the genetic variations found to be nominally associated to T2D in the initial trios. We included cases (n ¼ 523) with T2D according to WHO'98 guidelines and controls (n ¼ 326) with normal glucose tolerance. C-peptide levels o0.2 nmol/l were excluded. Affected (T2D) offspring had age-at-onset 420 years of age and case -controls had age-at-onset 435 years of age. All subjects gave their informed consent to the study, which was approved by local ethics committees.
Genotyping
A nested PCR was used to genotype the GAA-repeat. The initial PCR step was performed as previously described. 13 The second PCR step was performed in a total volume of 20 ml using 5 ml from the initial PCR as template (3 mM MgCl 2 , 0.1 mM dNTP, 0.6 U Taq, 0.3 mM GAA2F (5 0 Hex), 0.3 mM GAA2R. A total of 35 cycles of PCR was performed (941C for 10 s, 591C for 30 s, 721C for 45 s) and 0.1 ml of each reaction was loaded and electrophoresed for 30 min on an ABI 3100 Sequencer (Perkin Elmer, Foster City, CA, USA) for fluorescent detection, using GS400HD ROX (Applied Biosystems, Foster City, CA, USA) as an internal standard. The product of GAA2F/GAA2R was used for size determinations.
A total of 40 SNPs in and around the X25 gene were chosen from NCBI dbSNP. Of the 40 SNPs, 10 were genotyped on an ABI3100 using the SnaPshot-technique according to manufacturer's instructions (PE Biosystems, Foster City, CA, US). Reactions were run on an ABI3100 using Gene Scan 120LIZ (Applied Biosystems, Foster City, CA, USA) as size standard. Two independent scorers read all results using GeneMappert 2.0.1 (Applied Biosystems, Foster City, CA, USA). In case of Mendelian inconsistencies, the genotyping for the entire trio was repeated. Five SNPs were excluded: one was found monomorphic, one failed in Hardy -Weinberg equilibrium test (Po0.01) and three assays were not working robustly (success rate o85%).
Remaining 30 SNPs were genotyped using matrixassisted laser desorption/ionization time-of-flight (MAL-DI-TOF) mass spectrometry (SEQUENOM Inc., San Diego, CA, USA). The resulting mass spectra were analysed using the SpectroTYPER RT 2.0 software (Sequenome Inc., San Diego, CA, USA). Data from the parent -offspring trios were checked for Mendelian segregation using the PEDCHECK software. 24 A total of 10 markers were found monomorphic, two failed in Hardy -Weinberg equilibrium test (Po0.01), four had a success rate of less than 85% and one showed excessive Mendel errors. These were subsequently excluded from the study. Four SNPs, which were genotyped on both ABI3100 and Sequenom showed an average genotype discrepancy of 1.4% (SD70.7).
In total, 18 SNPs met our quality criteria and was used for subsequent analysis. PCR and extension primer sequences for both methods are found as Supplementary Information (web appendix, Supplementary Tables 1 and 2 ).
Statistical analysis
In order to calculate the number of trios required to evaluate the initial report of association between the X25 intermediate GAA repeat with T2D appropriately, we performed power calculations using the Genetic Power Calculator (http://statgen.iop.kcl.ac.uk/gpc/). 25 In these calculations we assumed an intermediate GAA-repeat frequency of B30% as reported in Scandinavians 15 and an odds ratio (OR) of 3.3 in carriers vs noncarriers, as reported in the initial positive study by Ristow et al. 18 We further assumed a T2D disease prevalence of B6%. Under these parameters, we estimate that B130 trios and B150 cases and B100 controls would provide 95% power to reject the null hypothesis of no association at ao0.05 under a dominant model. Our 220 parent -offspring trios and 523 cases and 326 controls would provide 499.7% power to reject the null hypothesis of no association at ao0.05, respectively. To calculate the number of case -controls required to evaluate our nominal association of the rare allele of rs2498429 with T2D susceptibility, we performed power calculations using the Genetic Power Calculator (http:// statgen.iop.kcl.ac.uk/gpc/). 25 We assumed a minor allele frequency of 6.6% and a genotype relative risk of 2.4, as observed in our trios. It showed that B290 cases and B180 controls would provide 495% power to reject the null hypothesis of no association at ao0.05. Having 523 cases and 326 controls would provide 499% power to reject the null hypothesis at ao0.05. Differences in X25 GAA-repeat sizes were analysed either as separate alleles or dichotomized in groups normal (o10 repeats) or intermediate (X10o66 repeats) alleles as reported initially by Ristow et al. 18 Affected offspring in trios and case -controls were divided into three groups depending on degree of glucose intolerance and analysed for differences in the GAA-repeat using a w 2 test as previously described. 18 A meta-analysis of all published data 14 -19 for the putative association between the X25 29 Haplotype block frequency estimations in the case -controls were calculated using GENECOUNTING. 30, 31 All P-values are given as nominal P-values if not stated otherwise. The permuted pointwise P-value for the combined parent -offspring and case -control data for SNP rs2498429 was calculated by randomly transmitting alleles from the parents to the offspring, and permutating case status for the case -control data. This procedure was repeated 10 000 times for each of the two samples creating unique strata from each run. The first stratum from the trios and from the case -controls was combined in an M -H test, and this procedure was repeated for the rest of strata resulting in 10 000 test statistics. We compared our result with the empirical distribution of test statistics obtained from the permutation to achieve a pointwise permuted Pvalue for the combined data for the rs2498429 SNP.
Results
Assessment of statistical differences of X25 (GAA) repeats allele sizes; distribution between groups with different levels of glucose intolerance The X25 (GAA) n repeat was genotyped in the 220 parentoffspring trios and case -controls (523 and 326, respectively). Affected offspring were divided into three groups depending on their glucose tolerance (IFG, IGT or T2D). To investigate differences in distribution between normal (o10) and intermediate (X10o66) repeats in the three glucose tolerance groups the repeats were considered separately and dichotomized as normal or intermediate as in Ristow et al. 18 Normal repeat-sizes were the most common in all three groups. Using a w 2 -test neither a significant difference in repeat size distribution between these three groups, nor an association between intermediate trinucleotide repeats and T2D was found (data not shown). Allele distribution in the trios and case -controls are given as supplemental information (web appendix, Supplementary Figure 1a, b) . A w 2 -test was used to test for differences between normal and intermediate GAA-repeats in the case -controls, no significant differences were found (P ¼ 0.8).
Meta-analysis of published studies evaluates a putative association between the X25 trinucleotide repeat and T2D Hereto, the association between the X25 repeat and T2D have been inconclusive. 14 -19 To evaluate this apparently inconsistent data, we performed a meta-analysis 32 of all published studies on the putative association of the trinucleotide repeat in the X25 gene and T2D. 14 -19 Testing for heterogeneity between all different studies showed significant differences between results, (Po0.0001). This indicates that the meta-analysis cannot be used to provide a summary OR across the studies. When we repeated the heterogeneity test and excluded the initial positive results by Ristow et al, no heterogeneity between the ORs of remaining studies was seen (P ¼ 0.5). Thus this initial study was excluded from the meta-analysis, which shows no evidence for an association between the GAA-repeat in the X25 gene and T2D (OR ¼ 1.02, 95% CI (0.88 -1.19), P ¼ 0.8, Figure 1 ) in the remaining studies.
Transmission disequilibrium tests (TDT) and linkage disequilibrium (LD)-mapping of genetic variants in the X25 gene and risk of T2D
We used a two-layered strategy, previously proven successful, 32, 33 to evaluate whether there was an association between common genetic variation in and surrounding the X25 gene and T2D. First, to avoid false positives due to population stratification, 34 we applied a family-based strategy to test both the GAA-repeat and 18 additional SNPs for association to T2D. One SNP (rs2498429) showed a nominal association with an increased risk of T2D (an overtransmission of the rare allele to affected offspring, P ¼ 0.02, Table 2 ). We then evaluated the haplotype block structure at this locus and allelic association (LD) between the SNPs was calculated using HaploView v2.05 r and D 0 values were calculated with 95% CI. 26 In total, 16 common haplotypes (frequency 45%, Figure 2a project (www.hapmap.org, release #11 September 2004) confirms, at least partly, our third and fourth haplotype blocks and their frequencies. We then tested whether any of these four blocks contained haplotypes that were associated with T2D. The fourth block, containing nine SNPs, spanning 17 kb, an excess transmission was observed when analysing our data using TRANSMIT. 29 The haplotype harbouring the rare allele of rs2498429 was significantly overtransmitted to affected offspring in the trios (w 2 ¼ 7.34, Po0.01, Figure 2a ).
To evaluate our finding in the initial screening, the SNPs in the fourth haplotype block (Figure 2b) were genotyped in our case -control material. Here, the rare allele of rs2498429 showed a trend of association in the same direction as the initial finding (P ¼ 0.08, one-tailed).
A combined analysis (M -H test) of our trio and casecontrol data sets shows a significant association between rs2498429 and T2D susceptibility (OR ¼ 1.66, 95% CI (1.13 -2.44), permutated P ¼ 0.01).
All major haplotypes as well as frequencies and patterns of LD, were the same as observed in the trios. The overtransmitted haplotype was shown to be significantly associated (permuted P ¼ 0.03) in the case -controls when analysing our data using GENECOUNTING.
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Discussion
Our study represents the hereto largest genetic evaluation of the role of the Friedreich's ataxia gene, X25, in T2D susceptibility. Previous studies evaluating the X25 GAArepeat association to T2D have been conflicting 14 -19 and we therefore investigated the association between the GAA-repeat in two different nonoverlapping data sets, using a screening approach previously shown to be successful. 32 In addition, we extended our analysis with additional SNP genotyping and haplotype analysis in the trios in an initial screen. The trios were chosen as the screening sample to avoid false-positive signals due to population stratification. Nominally significant findings in the initial screen were further investigated for a possible replication in a case -control sample from the same population. Genetic association studies have traditionally been hampered by initial jackpot effects and underpowered investigations. One way to increase power and circumvent this is to perform a meta-analysis of all published studies for a given association. This strategy has proven highly efficient confirming the association of the Pro12Ala variant in the PPARg gene and the E23K variant in the KCNJ11 gene with T2D. 32, 33 Evaluating our two sets of samples independently and in a meta-analysis together with all previous published studies (totally including 1724 cases, 948 controls and 375 parent -offspring trios in analysis) failed to detect any association between the GAA-repeat and T2D. Population stratification as the cause of these negative results is unlikely considering the result in our and other familybased studies 17 and the large meta-analysis should provide more than enough power to detect true association according to our power calculations. It is more likely that the initial report with a surprisingly high OR for T2D 18 represented a jackpot effect and that the other study reporting an association 19 was underpowered (supported by their 95% CI, Figure 1 ). It is worth noticing that the result from the initial study by Ristow et al has not been replicated independently despite showing strong, internally replicated, genomewide P-values. Importantly, this highlights the question of how to interpret genetic data from initial studies and the need for replication in independent populations using well-powered study designs before any far-reached conclusions are drawn. To investigate whether other common genetic variation in the X25 gene could contribute to the variable association results and predispose to T2D, we studied additional common genetic variation in and around the X25 gene and their haplotypes in our patient material. One SNP (rs2498429, Table 2), located 8.2 kb downstreams of the X25 gene, was found to be nominally associated to T2D in the initial screen of the TDT trios. The rare allele of rs2498429 has an OR of 2.4 in our trios, as compared to an OR of 1.4 in our case -control samples, suggesting that a larger case -control sample would be required for a replication to be significant on its own. However, the trend in the same direction in the case -controls as in the trios provide partial support of an association and the results were further strengthened by the combined analysis, which is significant after permutation.
This SNP was found to be a part of a haplotype block residing in the 3 0 UTR region of the X25 gene and extending distally from the gene region, which was confirmed by the HapMap data. Subsequent analysis of these haplotypes showed association between the haplotype containing the rare allele of rs2498429 and T2D in our parent -offspring trios. This finding was further supported by the case -control haplotype data and the association to T2D susceptibility is significant after permutation in our combined analysis.
In the chromosomal region defined by the haplotype block containing rs2498429, no characterized genes are currently known. However, in the defined area there are a number of Expression Sequence Tag (EST) that would be interesting to characterize further and one of these, EST (BM022009), contains the putatively associated SNP (rs2498429) and was recently discovered in a human pancreatic cDNA library. 35 In conclusion, our study excludes a role of genetic variation within the X25 gene, but instead suggests that genetic variation downstream the X25 gene, may increase risk for T2D. Replication in larger data sets from different populations will further clarify the potential role for this SNP and the surrounding genetic variation in the risk of T2D. 0 values were calculated with 95% CI. 26 In the fourth block the haplotype containing the rare allele of rs2498429 was found significantly more often than expected in the diabetic offspring (Po0.01) using TRANSMIT and in the case -controls (P ¼ 0.03) using GENECOUNTING 30,31 (underlined) . Only the haplotype containing the rare rs2498429 variant showed over transmission. FRDA gene in type II diabetes J Holmkvist et al
